Abstract This paper is devoted to the simulation of the arc plasma in a simplified low-voltage circuit breaker chamber. Based on a group of coupled governing equations, a three-dimensional (3-D) arc plasma model is built and solved by a modified commercial code. Firstly, this paper presents a solution of the stationary state of the arc plasma and discusses the distribution of some parameters throughout the chamber. Secondly, with the ferromagnetic materials included, the balance of the stationary state is broken and a transient course is calculated. In light of the simulation results, the temperature distribution sequence, the arc motion and the plasma jet are then described and analyzed in detail.
Introduction
As is known, when a low-voltage breaker interrupts a fault current in the electrical circuit, arc plasma is established between the contacts of the breaker and its behavior largely impacts the performance of the arc chamber. During this course, the gas convection, heat conduction, radiation and electromagnetic field act on the arc plasma together and its high temperature leads to the strong erosion of the contacts and the sidewalls. Thus, investigation into the behavior of the arc plasma is significant for the design of new switching devices.
Because of such complicated processes of the arc plasma, many researchers depended mainly on the experimental means to investigate the arc behavior in the past. Nevertheless, it is difficult to obtain all the properties of the arc plasma from experimental results. With the development of the computer technology, numerical simulations have become a more convenient and effective approach to obtaining the information on the arc plasma. Through the simulation, many parameters which are not accessible from experiments can be obtained in detail.
Over the years, a number of investigations have been reported concerning the area of arc plasma simulations. A two-dimensional (2-D) model is calculated in the paper and the plasma column is considered as vertical and independent of the vertical coordinate. Paper [2] also contributes to the 2-D axis-symmetric plasma model. In Karetta and Lindmayer's paper [ 3 3 4 1 , a 3-D arc chamber enclosed by electrodes and walls is simulated with the heat conduction of electrodes included. In such literature, only a quarter of the chamber is modeled because the authors deal with the electrical potential boundary condition on an anode/plasma interface in the same way as the cathode/plasma interface. Some authors like Schlitz et a1 I5l61 create several arc simulation models. In their first paper, a numerical model is formulated to simulate 2-D and 3-D arc plasma with and without the inclusion of the self-induced magnetic field. Their second paper investigates the effects of an external magnetic field and the presence of gassing materials on the arc plasma, but the arc root is fixed and the heat conduction in the electrodes is not included. Paper Pg8] starts from a stationary calculation whose result is used as the initial state of the transient simulation. By calculating the electrical conductivity of element volumes, the authors determine the position of the arc root. Whereas, the cathode current distribution is only dependent on the coordinate and the temperature of electrodes is assumed to be a constant value equal to 3500 K in this literature. This paper focuses mainly on the simulation of the arc plasma using a simplified arc chamber and the work will be highly helpful for further study in future. Both the heat conduction of the electrodes and the effect of ferromagnetic materials are taken into account. On the other hand, different boundary conditions of the electrical potential are imposed on the anode/plasma and cathode/plasma interface in our simulation. First, the mathematical formulation of the arc plasma model is presented and one stationary simulation without the inclusion of ferromagnetic materials is carried out. Second, with the stationary result as the initial state, a transient model under the effect of ferromagnetic materials is discussed in detail. Because the behavior of the arc plasma includes an electromagnetic process coupled with aerodynamic action, the simulation is performed by the 3-D magnetohydrodynamic (MHD) approach and the governing equations are solved by a modified computational fluid dynamics (CFD) code.
Mat hemat ical formulation

Hypotheses
In order to reduce the complexity of the arc physics, 
d.
The induced current is ignored because it is too Not considering vapors from the electrodes and small in contrast with the arc current. wall material.
Equations
The mathematical description of the arc plasma includes several coupled transport equations. The conservation laws of the compressible gas are described by Navier-Stokes and energy equations 191, which are written as follows.
a. Mass conservation equation
where p is the density of the arc plasma, t is the time,
? is the velocity vector of the flow field.
b. Momentum conservation equation
where v; (wX, wY, U,) is the velocity component in x, y, z direction, q is the dynamic viscosity, p is the pressure, J is the electrical current density, 8 is the magnetic flux density, xi means the coordinate component in x, y, z direction,
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where cp is the specific heat of the arc plasma, h is the enthalpy, a is the electrical conductivity, X is the thermal conductivity, E is the magnitude of the electrical field. The right part of ( 5 ) includes Joule heat a E 2 , radiation energy grad and dissipation heat qu respectively. In order to simplify the calculation of the radiation energy, we assume the plasma to be optically
Thus, the radiation energy loss can be defined by grad = 4 T E n , (6) where E , is the net emission coefficient.
It should be noted that in the stationary calculation, the transient part is not included in the above equat ions.
The electrical field is obtained by the following equations.
div(a gradq5) = 0 (7)
-.
where 4 is the electrical potential, 3 is the vector of the electrical field. The current density is defined by The magnetic field B is obtained through calculating the potential vector A in this paper. According to
Maxwell's equations, we can obtain the equations
V x I ? = J :
where I
? is the magnetic field strength, 2 is the magnetization field strength. By deduction from the equation ( 1 0 )~( 1 2 ) , we may obtain
where p is the permeability of the plasma, po is the vacuum permeability. p, is the relative permeability of ferromagnetic material.
The equation (14) The arc plasma's physical properties (a, p, A, p , cp) described above, which depend on the temperature and pressure, are taken from the literature [ll] .
Geometry and boundary condition
In order to reduce the complexity of the simulation, a simplified geometry (Fig. 1) is used as the arc chamber model in this paper, which is a general way widely used by other researchers. The dimensions of the whole geometry are 30 mm x 6 mm x 6 mm in the x-, y-, z-direction and the origin of the coordinate is at the center of the chamber. The chamber is enclosed by electrodes and sidewalls with air filled in it. Fig. 1 (a) shows anode (A), cathode (C) and sidewalls (W) and ferromagnetic materials (F). The sidewalls are made of insulating material with the thickness of 5 mm.
According to the general way to deal with the velocity in the fluent computation, no-slip boundary condition is imposed on the wall/plasma interfaces. All the outside faces of the sidewalls have a temperature equal to 300 K. Thus, the heat flux from the plasma to the outer atmosphere through the sidewalls can be defined by [12] 
where k is the thermal conductivity of the wall material, T is the temperature of the wall/plasma interface and d is the thickness of sidewalls. The temperature calculation of the electrodes is also taken into account in our work because of the high temperature of the arc plasma. At the interfaces between the electrodes and plasma, the heat is transferred from the arc plasma into the electrodes due to the high temperature gradient existing in the region. Thus, according to the heat transfer conservation law, the temperature of the elements on each side of the electrode/plasma interface is coupled during the calculation. However, the electrode's temperature should be limited by its melting point and the Joule heating in the electrodes is not considered.
As described by equation (10)~(14), the potential vector is used in this paper to calculate the selfmagnetic field. Although the potential vector equals to zero in the infinite point, it is not feasible to expand the calculated region without limits due to the computer's memory capacity. However, in view of the fact that the magnetic field decreases with the reciprocal of T' (T is the distance from the current source), we set the boundary condition of the potential vector to zero at some distance away from the arc chamber [7,131.
The electrical potential boundary condition in the cathode is decided by the current density indicated by equations (8) and (9). Due to the current emission contribution of the cathode, a current density should be imposed on the interface between the cathode and arc plasma. However, it is difficult to decide the real distribution of the current density on this interface. In this paper. the Richardson's law is used to define the current density on the cathode/plasma interface, i.e., we mainly consider the mechanism of current thermoemission at the cathode [141. Thus, the current density at this boundary is primarily dependent on the temperature of interface elements and the total arc current. As for the anode/plasma interface, we take it as a collector for negative particles. Thus, the Dirichet condition is used to define the electrical potential boundary condition, i.e., zero electrical potential is imposed on the anode/arc interface in our simulation work.
Simulation and result
During the simulation, the heat transfer, plasma flow and electromagnetic field are fully coupled. For the symmetry of the calculated arc chamber, only half of the geometry is modeled in this paper to save memory and calculation time. A rectangle cell configuration is used to mesh with the calculated domains.
During the stationary simulation, the arc plasma is located at the center position of the chamber and no ferromagnetic materials are included in the calculated domain. And the transient calculation takes the stationary result as the initial state with the ferromagnetic materials located on the right end of the arc chamber. Fig. 2 (b) nearly takes on an elliptical shape due essentially to the confinement of walls. Also, we can note that the temperature near the electrodes is lower than the arc column because of the limitation of the melting point of electrode material.
The electrical potential contour
The calculated potential for the x-y plane ( z = 0 mm) is shown in Fig. 3 . In contrast to the potential result of literature [2,71, some resemblance can be found despite different electrical boundary conditions used in this paper. It should also be noted that Fig. 3 only presents the potential in the arc column and the voltage drop of the anode and cathode sheath is not taken into account. With the zero potential defined on the anode, a maximal potential drop about 19 V near the cathode is visible from the contour.
The distribution of current density
For the stationary state, the distinct current density distribution obtained from the calculated results is presented here. Fig. 4, Fig. 5 and Fig. 6 show the distribution of the current density on the cathode/plasma interface, the x-z plane (y = 0 mm) and the anode/plasma interface respectively. The maximal value of the current density in each figure is about 1 2 . 2~1 0~ A/m2, 1 3~1 0~
A/m' and 3x107 A/m2. By contrast, it is obvious that Fig. 5 is much more different than Fig. 4 and Fig. 6 . The mean area of the current path in Fig. 4 and Fig. 6 is much smaller than Fig. 5, which shrinkage phenomenon of the plasma column occurs near the electrodes. Such a phenomenon is caused by the effect of self-induced magnetic force and the limitation of the lower electrode's temperature. Accordingly, due to the higher current density in the vicinity of the arc root, the self-induced magnetic field and force in this region are also higher and this fact contributes to a plasma jet flow in the arc chamber.
The transient result
Current density on the anode /plasma interface
Magnetic flux density
Based on the previous simulation, the transient calculation takes the stationary result as the initial state. For the stationary state, the arc plasma flow holds a balance and the arc column stays at the center of the chamber. However, in the case of the transient calcutlation, a ferromagnetic material is placed on the right end of the arc chamber. Such a condition leads to the break of the magnetic balance and consequently the arc plasma moves under the effect of the magnetic force. Fig. 7 shows part of the magnetic flux density in the x-z plane (y = 0 mm), which is calculated by equation (14). Because of the symmetry of the model, only half of the plane is presented.
Arc motion
For the transient simulation work, the total simulated time span is about 1.2 ms. Fig. 8 is the evolution of the arc root position on the electrode/plasma interface and the corresponding arc picture according to temperature distribution as shown in Fig. 9 . In this part, the two figures are combined together t o describe the arc motion under the effect of the ferromagnetic materials.
F~~~ ~i~. 8, two curveS represent the evolution of the arc root position on the anode/plasma and cathode/plasma interface respectively. Based on these, the arc plasma is nearly motionless at the beginning of the arc motion because of a lower velocity. After a time about 0.2 ms, the motion speed of the arc column is raised gradually due to the action of the magnetic force. At the same time, the sum of the magnetic force increases accordingly with the distance between the arc plasma and the ferromagnetic materials reduced. Thus, from the time t % 0.8 ms to t E 0.9 ms, the motion speed of the arc is raised more rapidly than any moment previously. In addition, prior to the time at t = 0.9 ms, the difference between the two curves is very small. However, after this point they differ evidently, which is caused by different electrical boundary conditions on the anode and cathode. And at t M 0.919 ms (shown in Fig. 91 , the arc root on the cathode/plasma interface arrives at the edge of the cathodes completely and remains at this place later. The corresponding moving sequence of the arc plasma is shown in Fig. 9 . During the arc motion, the shape of the plasma column changes much and it is not perpendicular to the electrode as the stationary result shows, which means the plasma column is bended to some extent. According to the frame at t = 0.946 ms, the plasma column is elongated observably under the effect of the magnetic force.
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Fig The evolution of the arc position according to the lhi is raised with the arc column located closer to the ferromagnetic materials. The plasma jet flow is deflected from the middle of the arc column due to the action of the ferromagnetic materials and the shape of the moving plasma column changes evidently, even elongated by the magnetic force. From the figure, it is clear that the arc plasma shifts to the right under the effect of the ferromagnetic materials. In addition, the pinch force, mainly caused by the induced-magnetic field, contributes to the plasma jet from the two electrodes. However, overwhelmed by the cathode jet, the anode jet is not apparent in the result, which is caused by different electrical boundary conditions. Under the action of the ferromagnetic materials, the plasma jet flow is deflected from the middle of the arc column, which can explain the 'nose' phenomenon exiting in the front of the arc column from experimental results in literature ~5 1 .
Conclusions
Based on the MHD theory, a simplified arc chamber is used in the simulation for the behavior of the arc plasma. Both the stationary and transient calculations of the arc plasma are carried out with the ferromagnetic materials included in the latter one. The distribution of the temperature and current density, magnetic field, arc root position and plasma velocity are obtained and discussed in detail. Generally, through the numerical analysis of the behavior of the arc plasma described in this paper, several conclusions are made as follows.
a. Near the electrodes, the arc column incurs a shrinkage phenomenon because of lower temperature of electrodes and self-induced magnetic force in this region Under the effect of the ferromagnetic materials, the arc plasma is pushed forward by the self-induced magnetic force and the acceleration of the arc motion b. 
